Tungsten-Titanium pillared clay and sulfated-Titanium pillared clay catalysts were prepared and characterized by different techniques: X-ray diffraction, BET surface area -pore volume measurements, chemical analysis, thermogravimetric and differential thermal analysis, temperature programmed reduction by hydrogen then studied for n-hexane isomerisation reaction. The simultaneous addition of both tungsten and titanium solutions to the clay suspension induces an increase of the basal spacing leading to a well defined structure of the WTi-pillared clay. Better micro porosity but lower specific surface areas at high temperature were observed on WTi-pillared clay compared to Ti-pillared clays prepared in presence or absence of sulfate. All the investigated materials are active in the n-hexane isomerisation reaction. Furthermore the WTi-pillared clay catalyst displays the highest selectivity towards mono-ramified isomers products.
Introduction
Clay minerals represent a convenient source to prepare potential catalysts because of their low cost and high selectivity. Natural occurring clay minerals have a poor ability to catalyse chemical reactions. Nevertheless, the surface properties of these solids can be modified by different methods to produce catalysts of improved surface area, porosity, acidity and thermal stability. The most frequent used modification techniques include, among others, cation exchange and pillaring.
Nowadays, pillared clays (PILCs) are the subject of a new research trend to prepare micro porous and meso porous materials. The increasing number of studies on pillared clays can be explained by the growing interest in their application as adsorbents and catalysts in the environmental field. Further details of the discovery and application of pillared clays can be found in catalysis reviews. [1, 2] Pillaring layered compounds with Al, Cu, Fe and Zr have been described in great details. Nevertheless, only a few papers deal with the preparation and the catalytic activity of Ti-pillared clays (Ti-PILC) due to the difficulties associated with its preparation since TiCl 4 is used as a Ti-source. It was proved that the experimental conditions of the intercalation process are critical to the structure and texture of these materials. [3] In our previous work, we have shown that both Lewis and Bronsted acid sites exist on Ti-pillared clays. [4] The strong Lewis acidity was related to the Ti-pillars considered as the major source of Lewis acid sites. Furthermore, the Bronsted acidity generated by sulphate was responsible for the high activity in the selective catalytic reduction (SCR) of NO by ammonia. [4] [5] [6] Recently we have revealed that the addition of tungsten by incipient wetness impregnation to the intercalated clay increased the Bronsted acidity arising from W-species. [7] However, when both tungsten and sulphate exist simultaneously on the catalyst surface, the sulphate species seems to play a more important role for NO removal activity than tungsten and the promoting effect of tungsten in the presence of sulphate was almost absent. [7] Ever since, sulphated Ti-pillared clay has proved to be a good acid catalyst for SCR-NO by ammonia. [4] [5] [6] It has been interesting to test it in other chemical reactions requiring surface acidity. So far, there is no published work reporting the n-hexane isomerisation over WTi-pillared clay or sulphated Ti-pillared clay. Furthermore, it is well known that the surface acidity is crucial to catalyse the n-alkane isomerisation. [8] [9] [10] This reaction can be performed on solid catalysts containing both metallic sites and acidic sites (bi-functional catalysts). [11, 12] In the industry, catalysts that are most frequently used for the isomerization of linear-chain alkanes usually contain Pt supported on sulfated oxides. [13] [14] [15] Moreover, the addition of platinum was found to increase the stability of the catalyst against deactivation during the isomerization of alkanes. The promotion with platinum improves considerably the selectivity in the isomerization of light alkanes (C 4 -C 6 ). The skeletal isomerization of C 5 -C 6 paraffins is a key reaction in the petroleum industry, aimed at increasing the octane number of the gasoline pool. [10] At present, the isomerisation of light naphta components is successfully carried out in presence of hydrogen and a bifunctional catalyst, typically Pt supported on an acid carrier such halogen treated alumina or zeolites. [9] The former catalyst is used at lower reaction temperature affording higher yields of branched paraffins. [9] In order to achieve maximum isomer yields, the isomerisation of C 5 -C 6 paraffins must be carried out at the lowest possible temperatures over highly efficient catalysts. It is to affirm, platinum chlorinated alumina catalyst can be used in the reaction of n-alkanes isomerization at low temperatures, i.e.120-180°C. Zeolites are less active than chlorinated alumina; hence they must be operated at a higher temperature, typically at 220-300°C, which is thermodynamically less favorable. [10] In the perspective of catalyst use in industry, the catalytic active phase is deposited on TiO 2 pellets in order to increase the mechanical strength and the surface area of the catalyst. It is well known that TiO 2 has a lower surface area and sinters more easily than Ti-pillared clay.
The aim of this paper is to compare the physical-chemical properties of WTipillared clay and sulfated Ti-pillared clay catalysts as well as to evaluate their efficiency in the n-hexane isomerization which has not so far been investigated in literature over these materials.
Experimental

Starting clay
The starting material is the commercial clay, referenced KC2, provided by CECA (France). Its particle size fraction < 2 µm was separated by sedimentation then exchanged with Na + ions by stirring in NaCl solution (1M) for 24h. [16] The resulting suspension was washed several times with distilled water until free of Cl -ions as indicated by the test with silver nitrate solution. The solid was separated by centrifugation and dried at room temperature. This initial clay is referenced In-Clay.
Synthesis of the pillared clays catalysts
The 
Characterization of catalysts
The X-ray diffraction (XRD) patterns were obtained using a SIEMENS D 500 instrument equipped with a monochromatized CuKradiation with  = 1.5418 Å. The BET specific surface area and pore volume of the samples was determined by nitrogen physisorption using a Micromeritics ASAP 2020 instrument. The samples were outgassed in vacuum during 6 h at 100°C prior to nitrogen physisorption. The elemental analysis of Na, Ti, W and S was performed by the National Institute for Research and Physico-Chemical Analysis (INRAP) of Tunisia. The thermogravimetric and the differential thermal analysis (TG-DTA) were performed under Ar flow (20 mL/min) at a heating rate of 5°C/min using TG-DTA 92 SETARAM analyser. The temperature programmed reduction by hydrogen (H 2 -TPR) was measured by monitoring the hydrogen consumption from a hydrogen-inert gas mixture (5%H 2 /Ar) while increasing the temperature of sample at a constant rate of 10°C/min and maintaining a constant flow rate of 30 mL/min. TPR was carried out using Micromeritics AUTOCHEM 2920.
Catalytic activity
The n-hexane isomerisation was performed in a continuous micro flow system using a tubular fixed-bed reactor. Before each reaction, the pillared clay calcined at 400°C was mechanically mixed with a similar weight of standard Pt/Al 2 O 3 (0.35 wt% Pt) then pretreated in the reactor, first under Helium flow at 400°C for 2 h, next reduced under hydrogen for 1 h at 250°C. Promotion with platinum or other transition metals increases the stability of the catalyst against deactivation in n-alkane isomerisation and improves the selectivity towards di-branched isomers according to a metal acid bifunctional mechanism. Prior to use, Pt/Al 2 O 3 was reduced at 450°C for 2 h under hydrogen. Hydrogen saturated with n-hexane was passed over the catalyst (100 mg) at 150°C and the results were collected after the first five minutes of contact time.
The reaction products were analyzed on-line using a gas chromatograph equipped with a FID detector.
Results and discussion
Characterization of the catalysts
The X-ray Diffraction patterns of the initial clay (In-Clay) and the intercalated samples are shown in Figure 1 . Before intercalation, the basal spacing was found to be d 001 = 12 Å. This value represents the distance between two neighbouring clay layers including the thickness of the layer which is known to be equal to 9.6 Å in the case of Na-montmorillonite. After intercalation with Titanium, d 001 was increased to 16 Å pointing to an enlargement of the basal spacing of the clay layers by polycations with a low degree of polymerisation. The simultaneous addition of tungsten and titanium to the clay increased significantly the basal spacing (Table 1) layers not yet exchanged, containing water and probably a small amount of sodium.
Subtracting the thickness of the layer (9.6 Å) from the basal spacing 22 Å, we obtain an interlayer distance of about 12 Å. These results indicate that the simultaneous addition of both tungsten and Titanium solutions to the clay suspension enhances the polymerization process of WTi-polycations leading to a well defined structure of the intercalated clay compared to the samples prepared in presence or absence of sulfate. Textural properties of the samples are also given in Table 1 . The largest surface area was obtained in the case of Ti-Clay and STi-Clay. By contrast, the sample WTi-Clay shows an unexpectedly small surface area. It seems that the simultaneous addition of both tungsten and titanium to the clay induces the formation of bulky WTipolycations; therefore, a hindrance within the layers was obtained. In all cases, the increase of titanium amounts at the detriment of sodium content results from the incorporation of the polycations between the clay layers and indicates a successful intercalation process (Table 2) . Table 3 ). The improvement of surface area and micro porosity of WTi-PILC after thermal treatment can be explained by the structural changes occurring during the thermal treatment and the removal of water from the bulky WTi-pillars. In all cases, the specific surface area remained above 120 m 2 /g at 400°C indicating a good thermal stability of these catalysts. Thermogravimetric (TG) and differential thermal analysis (DTA) curves of the investigated samples are shown in figure 2 . The Ti-PILC and STi-PILC exhibit similar TG/DTA curves, in which an obvious weight-loss with an endothermic peak appears below 110°C attributed to desorption of physically adsorbed water. The gradual weight loss to about 550°C is attributed to the dehydroxylation of OH groups associated with the interlayer polycations. Between this temperature and 700°C, a small step loss occurred due to the dehydroxylation of the clay structure. The TG/DTA curves of WTi-PILC were totally different. After losing the physically adsorbed water, a new weight loss with a large exothermic peak in the range of 300-550°C is attributed to the breaking of structural OH-groups linked to W-species and probably to the start of the phase transition from amorphous to crystalline phase of WO 3 . The increasing surface area of WTi-PILC after heat treatment may have originated from this observation. The stability of the catalysts under hydrogen atmosphere has been investigated ( Figure 3) . The TPR profile of the initial clay displays a weak reduction peak centred at 450°C due to the reduction of iron present in the octahedral sheet of the clay composition. [17] It is known that Ti reduction is generally obtained above 900°C, since pure TiO 2 does not show any remarkable peak at temperatures below 700°C. [18] In the case of WTi-PILC, the only peak at 577°C is thus attributed to tungsten reduction. In contrast, the TPR profile of the sulphated sample displays two unresolved peaks around 531°C and 569°C assigned to the decomposition of sulphate species into essentially SO 2 and H 2 S. We have confirmed in our previous work the reduction of sulfate to essentially SO 2 and a small amount of H 2 S. [6] As shown in figure 3 , the sulphate species were more easily reduced by hydrogen than tungsten. It can also be concluded that the stability of the WTi-pillared clay under hydrogen is higher compared to that of STi-pillared clay catalyst. 
Catalytic activity measurement
The Ti-pillared clays have been tested in the n-hexane isomerisation in order to compare the effect of tungsten and sulfate on the catalytic properties. The products of n-hexane isomerisation are divided into the following groups: (a) skeletal isomerisation products: mono-branched isomers (2-methylpentane (2-MP), 3-methylpentane (3-MP)) and di-branched isomers (2,2-dimethyl butane (2,2-DMB), 2,3-dimethyl butane (2,3-DMB)) and (b) cracking products: C1-C5. The cracking and isomerisation products are formed simultaneously as a function of the density of acid sites. The activities in nhexane isomerisation of the investigated pillared clays increased with increasing the reaction temperature (Figure 4 ). The highest activity was obtained for Ti-PILC due to the presence of acid sites well dispersed on the high catalyst surface area. We have demonstrated in our previous works the existence of both Lewis and Bronsted acid sites on the Ti-PILC surface and the sulfate addition increased essentially the Bronsted acidity. [4] The catalytic activity in n-hexane isomerisation is similar for WTi-PILC and STi-PILC but their selectivity towards isomers is different ( Figure 5 ). Products distributions indicate that 2-MP and 3-MP are the isomers appearing in major proportion while di-branched isomers are the minor products (Table 4) . It is worth noticing that WTi-PILC displays a higher selectivity towards mono-branched isomers compared to STi-PILC. This result can be related to the presence of acid sites arising from tungsten species which are more stable under hydrogen gas than those of sulfate species. The unexpectedly lower catalytic properties of STi-PILC can be related to the decrease of the number of sulfate acid sites as the sulfate groups are partially removed in form of SO 2 and H 2 S during the treatment of the catalyst under hydrogen gas or during the catalytic test. The reduction of sulfate and its removal from the system induced a decrease of acid sites which may be the reason of the low catalytic activity of STi-PILC in n-hexane isomerisation. In all cases, the higher selectivity to MPs (2-MP and 3-MP) and inferior selectivity to DMBs (2,2-DMB and 2,3-DMB) in the reaction temperature ranging from 190°C to 220°C indicate that the mono branched isomers are the primary reaction products, while the di-branched isomers are secondary products. [10] According to classical bifunctional mechanism, the isomerisation of alkanes occurs in three consecutive steps viz. dehydrogenation-isomerisation-hydrogenation, in which the isomerisation of olefin is the rate determining step. [9] In the first step, the alkane is dehydrogenated to an olefin over the metallic site, the olefinic intermediate is then
protonated to a carbenium ion. This carbenium ion undergoes isomerization to a branched tertiary carbenium ion, which decomposes into a proton and branched olefin.
The final step is the hydrogenation of the olefin over a metallic site and a branched alkane is obtained. For the WTi-PILC catalyst, the proportion of MPs remains practically constant, reaching a 2-MP/3-MP ratio near 2.7 indicating a fast attainment of thermodynamic equilibrium. The isomerisation between 2-MP and 3-MP is markedly faster than other isomerization reactions. The lower proportion of DMBs is understood considering that it is generated from a tertiary carbocation with lower stability than the tertiary carbocations that produce methylpentanes which have a longer main chain. [19] The very small fraction of DMBs isomers obtained in the case of WTi-PILC catalyst may also be due to the small BET surface area of these catalysts and the blockage of its pores by the more largely sized WTi-pillars, as observed by X-ray diffraction results.
It can be suggested that the lower selectivity in WTi-PILC towards DMBs may be due to the difficult and highly constraint formation of DMB isomers as a consequence of the pore sizes, and to the facile diffusion of the mono-branched isomers out of the channels. Hence, the extent of secondary reactions to di-branched isomers is considerably lowered. A similar trend was observed over ZSM-22 and ZSM-5 catalysts. [13] These zeolites with small pores were relatively inactive in the isomerisation of n-hexane and no dimethybutanes were formed. As a result, catalysts with lower specific surface area and porosity may hinder the movement of bulky intermediates in the pores. For the n-hexane isomerisation, it is obvious that the activity and selectivity depend on the characteristics of both acidic and metallic sites. [20] When the catalyst is well balanced, the acid function is the limiting one and the product distribution depends essentially on the acidity and pore structure of the solid. [20] The MPs/DMBs ratios changed with reaction temperature in the range 190-220°C only for the samples Ti-PILC and STi-PILC ( Figure 6 ). Among the four isomers, the selectivity to MPs is always found to be higher than DMPs isomers and the ratios MPs/DMBs increased with reaction temperature. In our previous work, the STi-PILC catalyst was found to be more active in the selective catalytic reduction of nitrogen oxide by ammonia at high temperature than Ti-PILC and its activity was related to its high acidity. [4] In the n-hexane isomerisation, STi-PILC also showed due to its acidity a remarkable increase in the MPs/DMBs ratio upon increasing the reaction temperature.
The distribution of the isomers is in accordance with a carbocation chain mechanism:
the isomerisation between 2-MP and 3-MP is markedly faster than other isomerisation reactions while the lower proportion of 2,3-DMB is understood considering that is generated from a tertiary carbocation with lower stability than the tertiary carbocations that produce methylpentanes which have a longer main chain. [13] 2,2-DMB is the isomer far away from the equilibrium value; it could be understood by the carbocation chemistry: 2,2-DMB is formed from a secondary carbocation which is less stable than the tertiary ion that generates 2,3-DMB. [13] Among these reactions the isomerisation of C 6 linear alkane is particularly important in the refinery industry to increase the octane number of the gasoline. Branched isomers of hexane are valued in the refining industry as substitutes to aromatics to enhance the octane index of gasoline. [21] Indeed, while the octane number of n-hexane is only 31, those of methyl pentanes are 75 and those of 2,2-dimetylbutane and 2,3-dimetylbutane are 90 and 105, respectively. [21] The suitability of Titanium pillared clay could be envisaged as a reforming catalyst. We suggest that the catalytic properties of Titanium pillared clay in the isomerisation of nhexane depend on various factors including its high porosity and the higher stability of of its surface acidity under hydrogen. 
Conclusion
Methyl pentanes are the n-hexane isomers formed in major proportion over titanium pillared clay catalysts while the di-branched isomers are the minor products.
The results showed that surface acidity was not the only key factor for n-hexane isomerisation over Titanium pillared clays. Besides the surface acidity, the efficiency of these catalysts for n-hexane isomerization is also related to their structure, texture, porosity and to the higher stability of the acid sites under hydrogen atmosphere. The suitability of Titanium pillared clay could be envisaged as a reforming catalyst.
